Quorum sensing (QS) is a regulatory process achieved via cell-to-cell 16 communication that involves release and detection of autoinducers (AIs), and which occurs 17 in a wide range of bacteria. To date, QS has been associated with events of pathogenesis, 18 biofilm formation, and antibiotic resistance in clinical, industrial, and agricultural contexts. 19
Introduction
The gDNA used in this study was extracted with the MasterPure™ DNA Purification Kit 92 (Epicentre, USA) following the manufacturer's protocol. The quality of gDNA extracted was 93 assessed according to "PACBIO ® GUIDELINES FOR SUCCESSFUL SMRTbell™ LIBRARIES" prior 94 to library preparation for sequencing. Preparation of SMRTbell template libraries was carried 95 out with SMRTbell Template Prep Kit 1.0 (Pacific Biosciences, USA) following the 96 manufacturer's protocol for 20 kb template preparation. SMRT sequencing was performed 97 using a PacBio RSII Sequencer (Pacific Biosciences, USA) with 3 SMRT cells. 98 99
Quality filtering and de novo assembly of the output reads were performed using the 100
Hierarchical Genome Assembly Process (HGAP) pipeline version 3.0 on the Pacific Biosciences' 101 SMRT portal (21) . Polished assemblies were generated from this module that incorporated 102
Celera Assembler, BLASR mapper, and Quiver consensus caller algorithms. The assembled 103 genome sequence was then annotated by SEED-based subsystem characterisation on the 104 RAST server (22, 23) and Prokaryotic Genome Automatic Annotation Pipeline (PGAAP) (24). 105 106
Identification of QS genes from the annotated data 107 108
Candidates of potential luxI and luxR homologues were identified from the annotated 109 genome with the 'BLAST search' function on RAST. A search on the Conserved Domain 110
Database (CDD) (25) was performed to identify the signature conserved domains on the 111 candidate sequences. The sequences were aligned with other known homologues obtained 112 from the GenBank database (https://www.ncbi.nlm.nih.gov/) and visualised using Jalview 113 version 2. Phylogenetic analysis was performed using SeaView version 4 (26). 114 115
Cloning and Expression of the luxI homologue 116 117
Identity and function of the luxI homologue were determined via cloning and expression 118 study using Gene Synthesis service (GenScript, USA). The target DNA sequence was first 119 synthesised in vector pUC57, and then sub-cloned into E. coli expression vector pGS21a by 120 the service provider. The expression vector carrying the target sequence was transferred into 121 expression host E. coli BL21 Star (DE3). The expression of the luxI homologue was examined 122 via a cross-streak assay on the transformed host with a CV026 biosensor. AHLs produced were 123 then identified on an LC-MS/MS platform as described previously (20 The results of recombineering were then confirmed by colony PCR using primers (halI_u-F, 138 halI_d-R, halR_u-F, and halR_d-R with Screen_KanR-F and Screen_KanR-R, as described in 139 tag AT03_RS12360) along with a 741-bp halR (AT03_RS12355). The pair was in convergent 197 orientation, with a 20-bp overlap at the 3'-ends ( Figure 1A ). To prove the functionality of the identified AHL synthase, the halI sequence was cloned into 223 a pGS-21a vector and expressed in host E. coli BL21 Star (DE3). Cross-streaking of the 224 transformed BL21 Star (DE3) induced purple pigmentation of the CV026 biosensor ( Figure S1 ). 225
The same AHL profile produced by H. alvei FB1 (3OC 6 -HSL and 3OC 8 -HSL) was detected using 226 LC-MS/MS ( Figure S2 ). 227 228
Mutant Construction via λ-Red Recombineering 229 230
Two mutants, namely, ∆halI::kanR and ∆halR::kanR were constructed using the λ Red 231 recombineering technique. In each mutant, either halI or halR was replaced with a kanamycin 232 resistance cassette. Verification of the mutants was performed via PCR on colonies picked 233 from LBA plates containing 35 mg/mL kanamycin. The presence of amplification products 234 encompassing the junctions between the flanking regions and a stretch of the intragenic 235 region of KanR cassette indicated the success of the replacement knockout. The PCR products 236
were sent for Sanger sequencing to confirm the sequences ( Figure S3 ). The ∆halI::kanR 237 mutants, when tested by cross-streaking with biosensor CV026, were unable to induce purple 238 pigment production ( Figure S4 ). 239 240
RNA-Seq 241 242
To examine the pattern of global gene expression affected by HalR regulon, RNA-Seq was 243 performed for the two mutants using strain FB1 WT as a control. Transcriptomes of each 244 strain were acquired at early-and mid-exponential phase (OD 600 = 0.5 and 1.5, respectively The principal component analysis (PCA) plot based on the raw counts showed that, for the 255 samples harvested at OD 600 0.5, the three replicates of ∆halR::KanR samples were clearly 256 separated from the WT and ∆halI::KanR samples along the PC1 axis, which contributed 257 94.662% of the variation, while the latter two clustered close to each other on this axis ( Figure  258 3A). For the samples harvested at OD 600 1.5, the replicates formed distinct clusters in different 259 quadrants of the plot, with the ∆halI::KanR mutant forming a cluster more distinct from the 260 WT samples along the PC1 axis (which explained 79.838% of variation) than the ∆halR::KanR 261 samples ( Figure 3B ). 262 263
Transcriptomic Analysis of QS Mutants 264 265
No significant differential expression (log 2 fold change [FC] > 1 or < -1) was observed in the 266 ∆halI::KanR mutant at a q-value of 0.01, aside from halI. A total of 687 genes were found to 267 be differentially expressed in the ∆halR::KanR mutant, of which 511 were up-regulated 268 while 176 were down-regulated. The distribution of DEGs is illustrated as MA plots in Figure  269 4A, B. 270 271
A total of 825 and 740 genes were differentially expressed in the ∆halI::KanR and ∆halR::KanR 272 mutants, respectively. In the former, 392 were up-regulated while 433 were down-regulated, 273
while in the latter, 371 showed positive fold-changes against the WT strain while 369 showed 274
negative. The distribution of DEGs is illustrated as MA plots in Figure 4C , D, and the 275 overlapping genes between both mutants are shown in Venn diagrams ( Figure 5 ) 276 FC of genes in each experimental condition are listed in Table S1 . 277
For the ∆halR::Kan mutant in exponential phase, both up-and down-regulated gene lists were 278 topped by genes involved in carbohydrate transport and metabolism. Up-regulated genes 279
were mainly involved with ribose metabolism, whereas down-regulated genes involved in 280 mannitol, maltose and galactose uptake were among those with the highest FCs. In mid-281 exponential phase, genes involved in amino acid transport and metabolism were most 282 abundant in the lists of both mutants. Genes involved with maltose transport, for instance 283 maltoporin, which were down-regulated in the early exponential phase, were up-regulated in 284 the mid-exponential phase. 285 286
GO and Pathway Enrichment Analysis of QS-dependent Genes 287 288
GO enrichment analysis was performed on the DEGs to gain an insight into the QS-regulated 289
genes. At the early exponential phase, out of the 511 up-regulated genes in the ∆halR::KanR 290 mutant, 438 were assigned to 197 GO terms, of which five terms were enriched (q-value < 291 0.01). Of the 176 down-regulated genes, 114 were assigned to 58 terms, of which only two 292
were enriched ( Figure 6 ). The GO terms enriched in the up-regulated DEGs included fatty acid 293 biosynthetic processes, cytoplasm, ATP binding, RNA binding, and tRNA binding, whereas the 294 down-regulated genes included those involved in the phosphoenolpyruvate-dependent sugar 295
phosphotransferase system and in response to stress. 296 297
In the mid-exponential phase, 304 out of 371 up-regulated genes in the ∆halR::KanR mutant 298
were assigned to 180 GO terms, and two (phosphoenolpyruvate-dependent sugar 299
phosphotransferase system and cobalamin biosynthesis process) were significantly enriched. 300
Of the 263 GO terms accounting for 317 of the 369 down-regulated genes, only one (TCA 301 cycle) was significantly enriched. In the halI mutant, genes with positive and negative FCs 302
were assigned to 132 and 138 GO terms, respectively. None of these terms were enriched at 303 q-value = 0.01. 304 305
DEGs were also mapped into the KEGG pathway database to identify pathways that were 306 significantly enriched in each experimental condition ( Figure 10 ). In early exponential phase, 307
the up-regulated genes in the ∆halR::KanR mutant were assigned to a total of 80 pathways, 308 of which 12 were significantly enriched at the cut-off of q-value = 0.01. These pathways 309
included primarily those involved in biosynthesis of molecules and functions that involved 310 nucleotides. Six of the 59 pathways to which the down-regulated genes in the ∆halR::KanR 311 mutant were assigned were significantly enriched. As in the GO ontology, the 312 phosphotransferase system (PTS) was involved, along with several other pathways involved 313 in carbohydrate metabolism. 314 315
In mid-exponential phase, the number of down-regulated pathways in the ∆halR::KanR 316 mutant far exceeded those that were up-regulated. A total of 30 out of 80 pathways were 317 significantly enriched. These pathways were mostly involved in amino acid metabolism. The 318 ∆halI::KanR mutant in the same growth phase showed a much smaller number of enriched 319 pathways than did the ∆halR::KanR, but they were still dominated by down-regulated genes. 320
Most of these pathways overlapped those affected in the halR counterpart, except for beta-321 lactam resistance. 322 323
Validation of RNA-Seq Data by qPCR 324 325 To validate the RNA-Seq results, six genes were randomly chosen for qPCR. The log 2 FCs of 326 qPCR were calculated and plotted against that of RNA-Seq (Figure 8 ). The correlation 327 coefficients were all above 0.99, indicating that the results obtained were reliable 328 329
Discussion 330 331
Having examined in silico the characteristics of the candidates of QS genes in H. alvei FB1, the 332 strain, unlike some other members of Proteobacteria, possessed only a single pair of luxI-luxR 333
homologues. The presence of conserved domains and amino acid sites that are signature to 334 the group of proteins, along with the orientation of the genes, provide strong evidence 335 supporting the identity of the QS gene candidates. Phylogenetic trees constructed using 336 choices of sequences included in the analyses adapted from a review by Tsai and Winans (36) 337
revealed that the amino acid sequences of HalR proteins obtained from members of the 338 genus Hafnia fell into a monophyletic clade with other EsaR-like proteins. This, along with 339 other traits, such as a convergent orientation with overlapping 3'-ends and responding to 340 3OC 6 -HSL, suggested the possibility that HalR might establish similar quorum-hindered 341
behaviour. An intermingling pattern between sequences originating from genomes that 342 belonged to different classes of Proteobacteria was observed in one of the major clusters in 343 both phylogenetic trees. This observation, along with the distant phylogenetic relationship 344 between the orphan LuxR homologue with HalR, is likely to reflect the occurrence of HGT in 345 the past, as has been reported in previous studies (37, 38). 346 347
According to the results of the transcriptomic study, ∆halI::KanR and ∆halR::KanR mutants 348 showed difference in the functional distribution patterns of DEGs, which supports the 349 proposition that HalR proteins belong to the quorum-hindered group. At early exponential 350 phase, no significant DEG was observed in ∆halI::KanR, whereas a large number of DEGs were 351 found in ∆halR::KanR. We suggest that, at OD 600 of 0.5, the concentration of AHLs within the 352 culture environment was still too low to affect the expression of any genes. Therefore, the 353 mutant lacking AHL-synthase established a gene expression profile similar to the WT strain. 354
The observation that removal of the halR gene resulted in a very different expression profile 355
pointed to the possibility that there were HalR proteins already binding at the promoter 356 regions of certain genes at this early stage, playing a regulatory role in the absence of 357 sufficient QS signals. A much larger number of up-regulated genes was observed in the 358 ∆halR::KanR mutant compared with those that were down-regulated, indicating that the 359 major role of the HalR protein at this stage could be repression of certain functions in an early 360 growth phase. 361 362
Later, in the mid-exponential phase, the gene expression profiles in the two mutants changed. 363
As illustrated by PCA, the ∆halR::KanR mutant now clustered closer to the WT strain, implying 364 that, with the increasing concentration of AHL molecules over time, the HalR proteins in FB1 365
WT were then released from their binding sites and the expression levels of the previously 366
repressed genes became similar to the unrepressed ones in ∆halR::KanR. At this stage, DEGs 367 could also be observed in the ∆halI::KanR mutant. More than half of these genes showed 368 changes in the same directions in both mutants, which reflected a scenario more complex 369
than classical examples of 'quorum-hindered apo-proteins', in which the changes in both 370 mutants were expected to be in opposite directions. This observation suggests that a more 371 complicated regulatory mechanism could be involved in the QS system in H. alvei. 372 373
Functional Distribution of QS-regulated Genes 374 375
The enrichment analyses revealed that, in the early exponential phase, a number of traits 376 related to dormancy and survival under stressful conditions were affected by the removal of 377 the halR gene. The four GO terms most significantly enriched for up-regulated genes in the 378 exponential phase (cytoplasm, RNA binding, ATP binding, and tRNA binding) contained DEGs 379 that could be generalised into three categories: DNA replication (helicases, gyrase, and 380 topoisomerase), mismatch repair (mutS), and protein biosynthesis (rRNA and tRNA 381 methyltransferases, aminoacyl-tRNA synthetases), corresponding to the enriched KEGG 382 pathways (Aminoacyl-tRNA biosynthesis, DNA replication, Mismatch repair, and Protein 383 export) (Figure 7) . Genes involved in metabolism of ribose, an important building block of DNA 384 and RNA backbones, were amongst the genes with the highest FCs. This up-regulation 385 occurring in the absence of HalR indicated that metabolism of nucleic acids was highly 386
repressed in WT cells. Fatty acid biosynthesis was also amongst the up-regulated functions in 387 both analyses, suggesting that the cell membrane biosynthesis was also repressed. Regulation 388 of chromosomal replication and cell division by QS has been reported in E. coli (39, 40) and P. 389 aeruginosa (41). 390 391
Genes involved in stress response and sugar uptake were negatively affected in the 392 ∆halR::KanR mutant, which could be reflected in the down-regulation of two biological 393 process terms (stress response and phosphoenolpyruvate-dependent sugar 394 phosphotransferase system) and five pathways (phosphotransferase systems, carbon 395 metabolism, microbial metabolism in diverse environments, fructose and mannose 396 metabolism, and citrate cycle). Several genes involved in PTS with specificity towards 397 mannitol and ascorbate, along with a number of other sugar permeases and transporters, 398 such as maltose, fructose, and galactose, were amongst the genes with significant FC. 399 400
In the mid-exponential phase, the expression profile in the ∆halR::KanR mutant changed 401 drastically. At this stage, many pathways involved in amino acid and fatty acid metabolism 402
were down-regulated. In other words, these pathways were expressed at a higher level in the 403
WT strain compared with the mutants, indicating that quorum sensing played a significant 404 role in promoting metabolic activities in H. alvei FB1. The results of the GO enrichment 405 analysis implied that phosphotransferase systems that were activated in WT earlier were now 406
repressed, suggesting that these functions were more important in the early than in the mid-407 exponential phase. PTS are known to work not only as carbohydrate transport and 408 modification systems in all phyla of bacteria, but also have regulatory roles in numerous 409 cellular functions (42). In E. coli, glucose-specific PTS was found to inhibit other non-PTS sugar 410 permeases influencing the availability of glucose via dephosphorylation of the EIIA subunit 411 (43). This phenomenon, termed "catabolite repression", contributes to the establishment of 412 a hierarchy of sugar utilisation, which allows bacteria to utilise energy sources in an 413 economical manner, as well as a regulatory circuit that acts according to nutrient availability 414 (44). 415 416
The overall picture gained from these observations is that QS appears to be involved in 417
repressing the functions involved in cell growth in an early growth phase, where the cells are 418 still in the process of recovery from stationary phase stress, in a typical 'quorum-hindered 419 apo-protein' manner. The repressed genes may then be re-activated at a later stage when the 420 DNA-bound apo-proteins are 'hindered' by the presence of AHL molecules at high cell density. 421
Apo-HalR, on the other hand, could positively regulate the stress response and sugar uptake 422 functions in the early exponential phase. PTS and various sugar transport systems that are 423 active at low cell density could provide a mechanism for detection of nutrient availability and 424 management of energy consumption. Whether these events of repression and activation are 425 interdependent or under separate regulatory control will require further studies to resolve. 426 427
The observation that both mutants shared more than half of their enriched pathways in mid-428 exponential phase strongly suggests that QS regulation operated in a manner different to the early 429 exponential phase. In contrast with the expectation in a 'quorum-hindered apo-protein' model, very 430 few DEGs showed contradicting expression levels between the two mutants at this stage. Further 431 study is required to provide a strong basis for the understanding of the regulatory mechanism of the 432 
